Abstract: Peroxiredoxins are thiol-dependent peroxidases that function in peroxide detoxification and H 2 O 2 induced signaling. Among the six isoforms expressed in humans, PRDX1 and PRDX2 share 97% sequence similarity, 77% sequence identity including the active site, subcellular localization (cytosolic) but they hold different biological functions albeit associated with their peroxidase activity. Using recombinant human PRDX1 and PRDX2, the kinetics of oxidation and hyperoxidation with H 2 O 2 and peroxynitrite were followed by intrinsic fluorescence. At pH 7.4, the peroxidatic cysteine of both isoforms reacts nearly tenfold faster with H 2 O 2 than with peroxynitrite, and both reactions are orders of magnitude faster than with most protein thiols. For both isoforms, the sulfenic acids formed are in turn oxidized by H 2 O 2 with rate constants of ca 2 × 10 3 M −1 s −1 and by peroxynitrous acid significantly faster. As previously observed, a crucial difference between PRDX1 and PRDX2 is on the resolution step of the catalytic cycle, the rate of disulfide formation (11 s −1 for PRDX1, 0.2 s −1 for PRDX2, independent of the oxidant) which correlates with their different sensitivity to hyperoxidation. This kinetic pause opens different pathways on redox signaling for these isoforms. The longer lifetime of PRDX2 sulfenic acid allows it to react with other protein thiols to translate the signal via an intermediate mixed disulfide (involving its peroxidatic cysteine), whereas PRDX1 continues the cycle forming disulfide involving its resolving cysteine to function as a redox relay. In addition, the presence of C83 on PRDX1 imparts a difference on peroxidase activity upon peroxynitrite exposure that needs further study.
Introduction
Peroxiredoxins (Prx) are thiol-dependent peroxidases that efficiently reduce H 2 O 2 and also organic hydroperoxides and peroxynitrous acid. 1, 2 They have been mostly known as good antioxidants, scavengers of toxic levels of peroxides, and recently more attention is focused on their role in redox signaling considering their abundance and high rate constant of reaction with H 2 O 2 . 3, 4 A specialized cysteine residue called peroxidatic cysteine, C P , is responsible for the reduction of the peroxide substrate (the oxidation step in the catalytic cycle, Fig. 1 ). The sulfenic acid formed (C P -SOH) condenses with a cysteine residue from another subunit, the resolving cysteine, C R, to form an intermolecular disulfide (the resolution step). Thus, each dimer contains two catalytic sites. The resolution step includes a crucial conformational change (from fully folded to locally unfolded or FF!LU) that makes the C P side chain more accessible and in which both conformations are in dynamic equilibrium. The disulfide is finally reduced by an electron donor such as thioredoxin to regenerate the dithiol enzyme (the reduction step, Fig. 1 ). Any modification of the peroxidatic cysteine like protonation, alkylation or nitrosylation 5, 6 will prevent reaction with the peroxide substrate rendering an inactive peroxidase. In addition, the reaction of C P -SOH with another molecule of peroxide yields a sulfinic acid (Prx hyperoxidation, Fig. 1 ) inactivating the enzyme until sulfiredoxin (only expressed in eukaryotes) catalyzes its ATP-dependent reduction back to C P -SOH. 7 Prx were originally divided into three categories depending on the number and location of cysteine residues involved in catalysis: the 1-Cys, the typical 2-Cys and the atypical 2-Cys Prxs. 2, 8 More recently, based on functional site sequence similarity, Prx have been classified into subgroups Prx1, Prx5, Prx6, Tpx, AhpE, and PrxQ. 9 Humans express six Prx isoforms, four in the Prx1 subgroup, one Prx5 and one in the Prx6 subgroup. Human PRDX1 and PRDX2 belong to the Prx1 subgroup, both are 2-Cys typical Prx, both are cytosolic and have more than 95% sequence similarity, even more, 77% sequence identity, but yet they hold different biological functions albeit associated with their peroxidase activity. The redox state of these Prx has been associated with the oligomeric structure switching from the disulfide-oxidized homodimer to the reduced decamer (doughnut-shaped pentamer of dimers) as described before for bacterial AhpC, also a member of the Prx1 subgroup. 10 In addition to the catalytic cysteine residues C P and C R (C52 and C173 for PRDX1, C51 and C172 for PRDX2), both contain another Cys residue (C71, C70, respectively) that is poorly accessible and need SDS addition to be quantified or alkylated. 11 In addition, PRDX1
has a fourth Cys residue, C83, located in the dimerdimer interface that can be alkylated and was reported glutathionylated favoring dimer formation. 12 The relevance of these two cytosolic Prx isoforms in cell homeostasis, and at the same time their differential role, is underlined by the observation that knock-out mice in PRDX1 developed malignant tumors and die prematurely, 13 whereas knock-out mice in PRDX2 were healthy and fertile but developed hemolytic anemia and splenomegalia. 14 .
The aim of this work is to evaluate the kinetic differences between human PRDX1 and PRDX2 that contribute to understand their physiological role.
Results
Reduction of H 2 O 2 by PRDX1 and PRDX2 followed by intrinsic fluorescence
The reaction of reduced Prx with H 2 O 2 was followed by the change in fluorescence as previously described. [15] [16] [17] Two phases were observed, one rapid decrease in fluorescence and a slower increase [ Fig. 2(a) ]. The rate constant of the fast phase showed a linear dependence with H 2 O 2 concentration and was assigned to the reaction of C P -SH with H 2 O 2 , with a second-order rate constant of k H2O2 = 1. 
Differential susceptibility to hyperoxidation
The measurement of the activity at higher concentrations of H 2 O 2 favors the hyperoxidation of Prx in turnover, and a slowdown of NAPDH oxidation was clearly observed, which was more pronounced for PRDX2 than for PRDX1 [ Fig. 3 Fig. 4 (a)] probably formed by C83 disulfides as they are reduced by β-mercaptoethanol (not shown).
Reduction of peroxynitrous acid by PRDX1
As reported before for PRDX2, PRDX1 is able to reduce peroxynitrous acid. The second-order rate constant of this reaction was determined by competition with horseradish peroxidase (HRP) as detailed in the section "Materials and Methods." First, a rate constant of (2.0 AE 0.2) × 10 6 M −1 s −1 was determined for the oxidation of HRP by peroxynitrite under our experimental conditions ( Fig. 1 ) consistent with previously reported data. [20] [21] [22] In the presence of reduced PRDX1, the yield of peroxynitrite-dependent oxidation of HRP to Compound I was inhibited ( with a slope comparable with the oxidation rate constant obtained by HRP competitive kinetics (Fig. 5) . We have assigned this rate constant to k app ONOOH -( Table 1 apparent at very high concentrations of ONOOH [ Fig. 6(b) ]. The first two phases were similar to what was observed using H 2 O 2 as oxidant, namely a fast decay and a much slower recovery of the fluorescence.
As with PRDX1, both the descendent and the ascendent exponential phases had rate constants that depend linearly on ONOOH concentration [ Fig. 6 Table 1 ).
Nitration and hyperoxidation of PRDX1 by peroxynitrous acid
Even though peroxynitrous acid is reduced by PRDX1, other enzyme residues get modified by excess of this oxidant. As observed for PRDX2, 18,23 tyrosine nitration and dityrosine crosslinks were detected [ Fig. 7(a) , inset]. Unlike the case of PRDX2 whose activity was observed to increase upon nitration, 23 the treatment of disulfide PRDX1 with peroxynitrite resulted in a decrease of peroxidase activity [ Fig. 7  (a) ]. The presence of an extra cysteine, C83 makes the difference. Blocking both catalytic cysteines C P -C R (by forming the disulfide) and also C83 with methyl methanethiosulfonate before treatment with peroxynitrite, the only irreversible modification observed after peroxynitrite exposure was tyrosine nitration, but importantly, the cysteine residues could be reduced back with DTT and the activity recovered. Under these conditions, nitration of PRDX1 rendered a more active and robust peroxidase [ Fig. 7(b) ] in the same way as observed before with PRDX2.
23
Differential near-UV circular dichroism spectra
The circular dichroism (CD) spectra in this region are influenced by the aromatic residues environment and indicative of the protein tertiary structure. The disulfide bond absorption occurs in the range of 240-290, near 260 nm, however, given that the near-UV CD bands of disulfides are generally broader than the corresponding to the aromatic side chains, it is very difficult to assess the contribution of the former to the protein spectrum. An important contribution of Phe (peak at 265 nm), Tyr and Tyr-Trp interactions (275-285 nm) and to a lesser extent Trp (shoulder at 295 nm) was observed for PRDX1, in the same way, as registered before for PRDX2 24 [ Fig. 8(a) ]. Upon oxidation to disulfide, there is a dramatic conformational change around these aromatic residues for PRDX2 as previously reported, 24 whereas the CD signals observed between reduced and oxidized PRDX1 were significantly smaller [ Fig. 8(b) ], suggesting that although similar processes take place in the active centers of PRDX1 and PRDX2, some structural differences exists between them. Far-UV CD analysis showed no differences between the two isoforms (data not shown).
Discussion
Taking advantage of the change in tryptophan fluorescence with the redox state of the enzyme, the reaction of reduced Prx with H 2 O 2 was followed (Fig. 2) .
The oxidation of C P -SH to C P -SOH by H 2 O 2 is extremely fast for both isoforms (Table ) , five orders of magnitude higher than the rate constant for most protein cysteine residues, denoting that they are highly sensitive to H 2 O 2 .
Once the sulfenic derivative (C P -SOH) is formed, the conformational change and reaction with the C R to form the disulfide is slower for PRDX2 than for PRDX1, showing a critical point of difference. Herein, we determined a first-order rate constant of disulfide 25 Importantly, the rate of disulfide formation obtained for PRDX1 is one order of magnitude higher than for PRDX2, 11 s −1 , and agrees with the value recently reported. 16 In addition, we recently measured similar pKa values for C P -SOH (close to 7) for both enzymes, while a 1 unit difference was determined for C R -SH pKas (7.4 for PRDX1 and 8.5 for PRDX2). 17 Thus, at the same pH, there is more concentration of the nucleophilic thiolate in the PRDX1 isoform that could contribute to accelerate its disulfide formation compared to PRDX2. These differences in rates of disulfide formation are in accordance with the observed differences in hyperoxidation with excess H 2 O 2 (Fig. 4) and also in turnover (Fig. 3) where PRDX2 was more readily hyperoxidized and inactivated than PRDX1. Interestingly, this higher susceptibility to hyperoxidation of PRDX2 cannot be ascribed to a higher rate of sulfinic acid formation compared to PRDX1. The determined rate constant for the reaction of C P -SOH with H 2 O 2 (k hyp ) was similar for both isoforms, 2 × 10 3 M −1 s −1 under our experimental conditions [ Fig. 2(b) ], almost one order of magnitude lower than the rate constant previously reported for PRDX2. 25 Bolduc et al. 26 recently determined novel hyperoxidation resistance motifs in 2-Cys Prx (motif A and motif B) besides the absence of YF and GGLG (present in sensitive Prx). The presence of different structural motifs (PRDX1 presents only motif A and PRDX2 only motif B) supports the differential susceptibility to hyperoxidation that is ligated to the competing resolution process (Fig. 1) . Our results indicate that the reactivity of C P -SOH with H 2 O 2 is the same for both isoforms, thus, the difference in hyperoxidation sensitivity is mainly laying on subtle structural differences that favor the conformational change towards the competing reaction, the oxidation to disulfide. In that sense, the near-UV CD indicates smaller differences in tertiary structure between the reduced and disulfide-oxidized form of PRDX1 than PRDX2 (Fig. 8 ).
Peroxynitrous acid is also a peroxide substrate for PRDX1. A second-order rate constant of 1. ). We recently discussed the possibility of using the ratio of the rates of reactions 2 over 1 (k res /k ROOH , from Table ) Changes in intrinsic fluorescence also allowed us to follow the hyperoxidation of PRDX1 and PRDX2 by peroxynitrite (Fig. 6) [ONOOH]/k res , that is, the competition between the rates of hyperoxidation and resolution. Such ratio is higher for PRDX2 at all concentrations of ONOOH. Disulfide-oxidized PRXD1 treated with an excess of peroxynitrite resulted in nitration of the enzyme and aggregation to oligomers [ Fig. 7(a) , inset] as reported before for PRDX2 isolated from erythrocytes. 18 However, the effect of peroxynitrite-dependent nitration of PRDX1 on peroxidase activity was different from what was previously observed for PRDX2 depending on the redox state of its C83 (Fig.7) . This extra cysteine, even though not involved in the catalytic cycle, needs to be reduced for PRDX1 to display its full peroxidase activity. As pointed out earlier, this C83 represents a critical differential element between these isoforms. 16, 30, 31 For both PRDX1 and PRDX2, the preferential peroxide substrate is H 2 O 2 (over ONOOH or alkyl hydroperoxides). 32 Together they are estimated to consume most of the H 2 O 2 in the cytosol from endogenous and extracellular sources. 33 They are very sensitive sensors of cytosolic H 2 O 2 but once the sulfenic derivative is formed, they can take different pathways. PRDX2-C P -SOH lasts longer and even though this increases the chance to get inactivated by hyperoxidation, it also offers the chance to condense with another cysteine residue of a redox protein (forming a mixed disulfide via its C P ). Conversely, PRDX1-C P -SOH is more prone to react with its own C R -SH to form the disulfide dimer and the redox signal relay depends on this disulfide oxidizing a redox protein (in this case, the mixed disulfide should involve the PRDX1-C R ). In fact, at the cellular level, different transient disulfide interactions were detected for each isoform, for example, PRDX1 with kinase ASK1 34 while PRDX2 with transcription factor STAT3. 35 The kinetics of Prx disulfide reduction, the last step in the catalytic cycle is the least studied and only thioredoxin has been assayed as a reductant so far, but other partners need to be explored. Further studies on this reduction step will shed more light on the mechanisms underlying Prx-dependent redox signaling.
Materials and methods

Chemicals
Dithiothreitol (DTT), N-ethyl maleimide (NEM), and reduced nicotinamide adenine dinucleotide phosphate (NADPH) were purchased from AppliChem GmbH (Darmstadt Germany). Hydrogen peroxide (H 2 O 2 ), HRP, and diethylenetriaminepentaacetic acid (dtpa) were purchased from Sigma-Aldrich (St Louis, MO). 4,4 0 -Dithiodipyridine (DTDPy) was from Acros Organics (Fisher Scientific, Hampton, NH). Peroxynitrite was synthesized as in Reference 36. All other reagents were of analytical grade and used as received.
Recombinant proteins expression and purification
Human recombinant PRDX1 and PRDX2 were produced in E. coli without any affinity tag. The use of the mature protein is crucial since there is evidence that extra residues can influence 2-Cys Prx structure/ activity relationship. 37, 38 Recombinant PRDX1 was expressed with a pET17b plasmid and purified as previously described 6 , the bimolecular rate constant of hyperoxidation, k hyp (slope) and the first-order rate constant of resolution, k res (y-axis intercept) for PRDX1 and PRDX2 were determined. The kinetics of ONOOH reduction by PRDX1 and PRDX2 were performed in an SX20 stopped flow fluorimeter following the fluorescence of the proteins with λ ex = 280 nm, λ em > 320 nm. Reduced PRDX1 or PRDX2 (0.5 μM) in buffer A (2X), pH 7.25, were mixed with an equal volume of ONOO − (5.6-142 μM) in 1.5 mM NaOH. The pH after mixing, measured at the outlet was 7.3. The fluorescence was followed for up to 15 s and the time courses were fitted to triple (PRDX1) or double (PRDX2) exponential functions according to the number of phases observed.
NADPH-linked peroxidase activity
Peroxidase activity was measured spectrophotometrically following the NADPH consumption at 340 nm (ε 340 = 6.22 mM Fig. 4 where 0.5-40 μM Trx is used) and 0.5 μM PRDX1 or PRDX2 in buffer A. The reaction was started adding the specified amount of H 2 O 2 . All spectrophotometric measurements were made with a Cary 50 spectrophotometer (Varian, Australia). 
PRDX1-controlled oxidation to disulfide
To assure the oxidation of the catalytic site but keeping C83 reduced, PRDX1 was treated with 10 mM DTT for 30 min at room temperature. Residual DTT was removed passing the mixture through a Bio-Spin column (BioRad, Hercules, CA) and protein as well as thiol concentration were immediately determined (thiol concentration was determined with DTDPy as reported in Reference 47). After reduction, three of the four thiols present in PRDX1 could be detected by Dalla Rizza et al.
this method. As two of these thiols belong to C P and C R , 1 mol of H 2 O 2 was added for every three moles of thiol quantified so that to yield the disulfide in the catalytic site and avoiding C83 oxidation.
Treatment of disulfide-oxidized PRDX1 with excess of peroxynitrite
Treatment of PRDX1 with peroxynitrite was performed according to the protocol reported in Reference 23 for PRDX2. Briefly, a molar excess of 5:1 peroxynitrite was added in a flux-like addition to 100 μL of 130 μM disulfide PRDX1 (i.e., oxidized in the catalytic site but with C83 as thiol) in buffer A. To protect C83 before peroxynitrite treatment, disulfide PRDX1 was treated with 1 mM MMTS for 1 hour at room temperature, and then the mixture was passed through a Bio-Spin column (BioRad) equilibrated with buffer A. Finally, peroxynitrite treatment was performed followed by protein reduction with DTT (the excess was removed by passing through a Bio-Spin column). This sample was labeled C83-SS-R. As a control, disulfide PRDX1 was treated with 10 mM NaOH instead of peroxynitrite (nontreated sample, NT).
CD spectra
Spectra of PRDX1 were acquired at 25 C using a Chirascan Q100 Spectropolarimeter (Applied Photophysics, Leatherhead, UK). Near-UV measurements were carried out in 1 cm cells containing 50 μM PRDX1 and far-UV with 5 μM PRDX1 in 0.1 cm cells. Protein was prepared in 10 mM sodium phosphate buffer, pH 7.4. DTT was removed in the reduced samples before measurements. A scan of the buffer was subtracted from the corresponding averaged sample spectra. Data for near and far UV spectra of PRDX2 were obtained from Reference 24.
